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We describe a simple and versatile method to manipulate the amplitude of the magnetron orbit of ions stored in a Penning trap, applied here to a cloud of low energy positrons. By applying a pulsed voltage to a split electrode in the trap, which is normally used for rotating wall compression of the particles, the size of the magnetron orbit can be changed at will. The modified orbit has been shown to be stable for many magnetron periods. The technique could find use in applications which require off-axis ejection of particles, for instance in the filling of arrays of traps for multicell positron storage. Penning type traps have found numerous applications in both physics and chemistry ranging from the formation of antihydrogen 1-3 to highly sensitive mass spectrometry. 4 These traps are capable of operation with a wide range of charged particle numbers, from clouds consisting of just a few particles, 5 the so-called single particle regime, to plasmas where the density is sufficiently high that their mutual interactions cannot be neglected and collective effects emerge. 6 In recent years, it has become feasible to manipulate the radial extent of both clouds and plasmas through the application of the so-called rotating wall (RW) technique, [7] [8] [9] [10] [11] [12] [13] [14] though the mechanism responsible for the effect varies between the two regimes. Here, one of the confining electrodes (see Sec. II) is azimuthally split, typically into four or eight segments, and appropriate phase shifted time-varying voltages are applied to each part. The resulting dipolar or quadrupolar electric field is arranged to rotate in the same sense as the natural rotation of the plasma or the magnetron motion of the particles in the cloud, and the torque thus imparted causes the plasma or cloud to compress. It is usually necessary to counteract the heating caused by the field, and this is commonly achieved by the introduction of a cooling gas into the system. RW compression reduces particle loss via diffusion to the electrode walls of the trap 8 and has found widespread use, for instance in tailoring antiparticle plasmas and clouds for antihydrogen [15] [16] [17] [18] [19] [20] [21] and antiproton 22, 23 physics, and in manypositron experimentation. 24, 25 A possible application is in the development of multicell traps for the storage of large numbers of positrons, 26, 27 where it is envisaged that an array of microtraps will be filled from a positron accumulator (see e.g., Refs. 28 and 29) for long term storage and later use. Such devices require the traps in the array to be independently addressable. Since the RW technique always compresses the plasma or cloud to the centre of the trap, methodology is required to move the ensemble radially in a controlled and reproducible manner.
In the plasma regime, excitation of the diocotron mode, 30, 31 coupled with frequency phase locking via autoresonant excitation of the mode, 32 can be used to achieve radial displacement, as has been demonstrated in the validation of the multicell concept by Surko and co-workers. 26 However, in the single particle (non-interacting) regime, the diocotron mode does not exist, and a different approach must be sought.
We have found that applying an electric field radially across a compressed cloud of positrons for a short time can initiate an orbit which may be described using single-particle dynamics and the radius of which can be controlled with precision. The technique has similarities to, though is distinct from, the so-called sidekick method used in ion cyclotron resonance mass spectrometry 33, 34 to enhance the capture efficiency and increase resolving power. The remainder of the article is organised as follows: Sec. II gives a summary of pertinent theoretical and experimental details, Sec. III contains our results and discussion, with Sec. IV presenting concluding remarks.
II. THEORETICAL AND EXPERIMENTAL DETAILS
It is worth recalling some of the basic physics of the Penning trap. 5 Cylindrically symmetric electrodes are used to produce a potential extremum in the centre of the trap which, in conjunction with an axial applied magnetic field, B ¼ Bẑ, results in stable confinement of charged particles. The electric potential experienced by a charged particle in an ideal trap is given by the first term of the following equation:
where q and m are the charge and the mass of the particle, respectively, r is the radial distance from the trap centre, and z is the axial co-ordinate. The value of the so-called axial bounce frequency, x z , depends on the electrode geometry and the applied voltages. More pertinent here are the radial a) Author to whom correspondence should to be addressed. Electronic mail: T.Mortensen.369921@Swansea.ac.uk. motions. In a constant magnetic field and with zero perpendicular electric field, charged particles orbit the field axis at the cyclotron frequency, X c ¼ qB=m. The application of a Penning trap potential (i.e., the first term in Eq. (1)) gives rise to E Â B fields which modify X c into x þ and cause the particle to exhibit magnetron motion with a frequency x À . These frequencies are given by
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For the experiment described herein, the magnetic field inside the trap is 38 mT, and the motional frequencies are estimated to be x þ % 6:6 Grad s
À1
, x z % 60 Mrad s À1 , and x À % 270 krad s À1 . For a single particle located on-axis, application of a dipole field in the radial plane of the trap will induce decentred orbital motion which persists for the duration of the applied pulse. Removal of the field at time t 1 results in an orbit about the trap centre with a radius of d M ðt 1 Þ derived below.
The additional field applied in the x-direction gives the second term in Eq. (1), where a is a trap-dependent parameter (see below). This term modifies the classic Penning trap equations of motion to become
By defining u ¼ x þ iy, the last two equations in Eq. (2) can be combined to give
which has the general solution
with k ¼ 2a=x 2 z . Applying the initial conditions uð0Þ ¼ _ uð0Þ ¼ 0 fixes c þ and c À as
The total radial displacement, which assuming c þ and c À are real, is given by
Applying the approximations c À % Àk and that c À ; k ) c þ , which are justified from the expressions given above since x þ ) x À , simplifies Eq. (6) to give an approximate expression for the displacement, d M ðtÞ, as
Thus, we find that the displacement is governed by the magnitude and direction of the applied dipole and undergoes oscillatory behaviour at an angular frequency of x À . Applying this field can also be interpreted as moving the radial centre of the trap. This can easily be demonstrated by rewriting Eq. (1) as
Thus, a transform of the form x ! ðx À kÞ will return the standard Penning potential with an added constant. The above discussion assumes instantaneous application (and later removal) of a pulsed field; indeed, in practice, it is necessary that the dipole be switched on in a time much shorter than the magnetron period, breaking an adiabatic invariant 35 and instigating the preliminary orbital motion (green broken line, Figure 1(a) ). Equivalently, in order that the cloud will follow the ultimate orbital path (red dotted line, Figure 1(a) ), the additional field must be removed just as rapidly.
The experiment was conducted in a two-stage positron accumulator which has been described in detail elsewhere. 29 The second stage of this instrument is comprised of five electrodes, each 49 mm long with an internal diameter of 41 mm. One of these electrodes is divided into two, with one of the halves cut azimuthally into four segments. This electrode is used to RW compress the positron cloud, as described by Isaac and co-workers. 13, 14 A schematic of the second stage of the trap is given in Figure 2 .
Compressed clouds of $10 5 positrons were produced in a two-step procedure: (i) the voltage applied to the entrance electrode of the first stage of the trap was lowered to allow positrons to enter. Collisions with nitrogen gas in the first and second stages resulted in the positrons residing in the latter after a few ls or so. 28 During accumulation, the rotating wall was switched on, thus compressing the cloud in the presence of the CO 2 cooling gas; (ii) after a predetermined accumulation period, the entrance electrode voltage was raised to prevent further particles from entering, and the rotating wall was switched off. The positron clouds have a radius of approximately 1 mm, with a temperature estimated to be 900 K, as measured by use of the method developed by Eggleston et al. 36 A self-consistent potential solver was used to determine the cloud length and density as 6 mm and 5 Â 10 12 m À3 , respectively. The Debye length (k d ) of such a cloud is $1 mm, which does not satisfy the plasma regime inequality, k d ( r plasma , though as such may be considered a rarified plasma 37 and some collective phenomena (shielding, waves, and global thermal equilibria) accordingly presumed. Moreover, although we may explain the following observations from an ideal, single-particle perspective, the collective effect of self-rotation likely inhibits shearing of the cloudsotherwise expected in less dense collections, as a consequence of the non-ideal trapping potential which results in small differences in the magnetron frequency across the cloud diameter.
Following these procedures, at time t ¼ 0 (see Figure  1(a) ), additional bias voltages of 6V b were applied to opposing segments of the four-way split electrode (jV b j < 1 V), creating an approximate dipole field across the cloud and projected near uniformly along its length, distorting the trapping potential and shifting the extremum, as described above (illustrated by the crosses in the Figure 1(a) ). This results in the cloud following the orbit depicted by the green broken line. When at t 1 the bias is switched off (3 ls t 1 45 ls), the trapping potential reverts to the original, leaving the cloud circling about the centre of the trap (red dotted line). At time t 2 , the cloud is released, by rapidly (within a time of $20 ns) lowering the voltage applied to the end electrode of the trap, and then dumped onto the microchannel plate (MCP)-phosphor screen assembly (see Figure 2) . The resulting phosphorescence was recorded with a CCD camera and the image fitted with a 2D-Gaussian to determine the location of the cloud centre and its width. It should be noted that the magnetic field at the MCP-phosphor screen position is lower by a factor of 6.6 with respect to the trapping field, such that the radii of the clouds inside the trap are smaller by a factor of 2.6 compared to that measured on the screen. The fitted coordinates and widths of the clouds produced by this method were found to be reproducible with a standard deviation of about 0.15 mm and 0.03 mm, respectively. As an example, Figure 1(b) shows a compendium of cloud images for a number of different positions (i.e., a number of different values for t 2 ) within one magnetron orbit.
The cloud widths slowly expand with time due to collisions with the trapping and cooling gases in the second stage.
14 The gas pressures were selected to provide optimum compression and lifetime as opposed to reducing expansion. However, the manipulation of the magnetron orbits reported here occurs on a much shorter timescale than that of expansion, and as such many orbits can be observed before the cloud is no longer clearly distinguishable. (The cloud was found to expand at rate of around 32 mm s
, equivalent to an increase in width of about 0.68 lm during one magnetron orbit.)
III. RESULTS AND DISCUSSION
Magnetron radii and frequencies were obtained by fitting the x and y coordinates of the imaged cloud for varying particle hold times (t 2 À t 1 ), and an example is shown in Figure 3 . The fitted frequency (47:360:1 kHz) for the data in Figure 3 is roughly in accord with the expected ideal trap magnetron orbital frequency (x À =2p) of 43 kHz, as calculated from the magnetic field and trapping potential. This is also consistent with resonant particle ejection at %46 kHz, as observed during RW frequency scans. The measured magnetron frequencies were found to vary with the cloud radial position over a range of 2 kHz, which is a consequence of the non-ideal confining potential of our trap.
In Figure 4 , the measured displacement, obtained via the method above, is plotted for a range of times t 1 , where the solid line is a fit to Eq. (7). The response of the peak amplitude of the motion to the applied pulse magnitude was found to be linear-as illustrated in Figure 5 -with a fitted gradient of 18:560:4 mm V
À1
. From Eq. (7), the peak magnetron radius for a given bias is 2k ¼ 4a=x ; when corrected for adiabatic expansion (caused by the magnetic field differences between the trap and the phosphor screen position), this corresponds to an anticipated 25 mmV À1 at the MCP. This is in reasonable accord with the measured value considering the approximations involved, and that the expression for the ideal potential is only valid close to the centre of the trap.
IV. CONCLUSION
The method described herein enables the magnetron radius of a cloud of ions to be tuned such that it becomes many times larger than the cloud width and in a manner which is independent of the trapped species. The reproducibility of the technique and stability of the motion provide a means to make accurate measurement of the magnetron frequency, which was found to be in reasonable agreement with theoretical estimations and auxiliary measurements. The technique also makes it possible for the position of a cloud to be simply adjusted without alignment of steering magnets or similar deflection devices. This has applications for systems where the particles are required to reach several discrete locations, for instance in multicell trapping, or for soft landing proteins into microarrays. 38 
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